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MODEL ANALYSIS OF A REINFORCED CONCRETE ARCH 


REPORT ON A COOPERATIVE STUDY BY THE JOHNS HOPKINS UNIVERSITY AND UNITED STATES BUREAU 
OF PUBLIC ROADS IN CONNECTION WITH YADKIN RIVER BRIDGE TESTS 


Reported by J. T. THOMPSON, Highway Research Specialist, Division of Tests, United States Bureau of Public Roads, and also Associate Professor of Civil Engineering, 
The Johns Hopkins University ! 


N A PREVIOUS report? on the North Carolina 
| bridge tests there was presented ‘a comparison 
of the measured and computed deformations of 
a reinforced concrete arch bridge under live load with 
the deformations as determined by the use of an elastic 
model of sheet celluloid and Beggs deformeter gauges. 
In the previous report the model analysis was not 
discussed in detail and only the results were given. 
During the progress of the analysis there arose some 
interesting problems in technique. It is believed that 
a detailed description of the procedure, an explanation 
of the problems encountered, and the manner in which 
these problems were solved will be helpful to those 
who meet with similar difficulties in using this method. 


DEFORMETER METHOD DESCRIBED 


Professor Beggs has described the principle and 
operation of his deformeter method elsewhere,’ but 
a brief description will be undertaken here for the 
sake of those who are unfamiliar with it. 

Suppose it is desired to determine the thrusts, 
shears, and moments in the arch rib of a structure, 
the model of which is shown in Figure 1. The model 
is prepared from a sheet of celluloid approximately 
one-tenth of an inch thick, the sectional dimensions 
of the model being proportional to the cube roots of 
the moments of inertia of the various sections of the 
actual structure according to some convenient scale. 
If we wish to determine the thrust at M, for example, 
due to a vertical load of unity at 4, we can do so by 
cutting the arch rib at M normal to the rib axis and 
separating the sides of the cut a small known distance 
d,, care being taken to keep the sides of the cut parallel. 
This displacement of the sides of the cut produces 
distortions throughout the model, and if we measure 
with a microscope the resulting vertical deflection d, 


= Ss 2 3 


= —+ 


5 


~) 
} c— _s 


——— me. —_—_—_—_—_—__— 
~ 











_ 


a 





at 4, we have all the data necessary for computing the 


thrust Tat M. It follows from the Maxwell theorem of 


reciprocal deflections that for a unit load, T=". It is 


necessary, of course, that d,, and d, be measured in 
the same units (say inches) and this is accomplished 
by multiplying an observed deflection by the calibration 
factor of the microscope. It is obvious that if similar 
measurements are made of the vertical deflections at 
points 0 to 6 due to the displacement of the cut sec- 
tion M, an influence curve can be plotted for the thrust 
at M. 

By the same reasoning an influence diagram for the 
the shear at M can be determined by measuring the 
vertical deflections at points 0 to 6 due to a small 
known shear displacement of the sides of the cut section. 

Likewise if the two sides of the cut section are 
rotated with respect to one another through a small 
known angle and the necessary measurements of deflec- 
tions made, an influence diagram for bending moment 
at M can be plotted, the only difference being that in 
the case of moments the scale of the model plays a 
part; it is necessary to multiply the deflections d, by 
the scale of the model. For example if the scale of 
the model is 1 inch to 5 feet, all observed deflections 
must be multiplied by 5, to obtain the moment in 
foot-pounds. That is, the deflections d, for a given 
angular rotation in the model must be multiplied by 
the value of a unit length of the model in the actual 
structure to obtain the deflection in the actual struc- 
ture for the same rotation. In the example given the 
model deflections would be multiplied by 60 to obtain 
the moment in inch-pounds due to a load of one pound 
and by 5 to obtain the moment in foot-pounds. 

The foregoing paragraphs set forth the principle 
upon which the Beggs method is based. In practice 
the displacements of the sides of the cut section are 


SAW CUTS REPRESENTING EXPANSION JOINTS 





Fig. 1.—OvtT.ine or Mopret or YADKIN River BRIDGE SHOWING SECTIONS AT WHICH GAUGES WERE ATTACHED 





‘ The analysis was made at the Johns Hopkins University by the author and Albin L. Gemeny, Senior Structural Engineer of the Bureau of Public Roads. 
*Gemeny, A. L. and Hunter, W. F., Loading Tests on a Reinforced Concrete Arch, Public Roads, vol. 9. No. 10, December 1928. 
* Beggs, George., The use of Models in the Solution of Indeterminate Structures, Journal of the Franklin Institute, March, 1927. 


28458—29 


209 











PUBLIC 


210 


brought about by means of a deformeter gauge and 
plugs which are inserted therein. The gauge (fig. 2) 
consists of two steel bars drawn toward each other by 
springs. In the opposing sides of these bars are notches 
into which the plugs are inserted. The model is first 
attached to a drawing board by clamps attached at 
points of fixity in the actual structure such as the: bases 
of piers, etc. The underside of the model lies in a plane 
five-eighths inch from the drawing board and is sup- 
ported at numerous points upon %-inch blocks of 
glass or metal and 1¢-inch steel ball bearings. The 
gauge is attached to the model, normal to the axis 
along which the thrust acts and is supported upon 
two ;;-inch plates between which three 1%-inch steel 
ball bearings have been placed. Two normal plugs, 
midway in size between the large and small thrust 
plugs, are inserted before the gauge clamps are tight- 
ened. After screwing the clamps down tightly against 
the model the normal plugs are removed and the model 
cut through with a hack-saw blade. Thereafter, when- 
ever the normal plugs are inserted the model resumes 
exactly the position it was in before the section was 
cut. 

Thrust measurements are made by inserting first the 
two exactly similar small-size thrust plugs, reading the 
microscopes, which are of the filar micrometer type, 
and then inserting the large-size thrust plugs and 
again reading the microscopes. The microscopes are 
so oriented that vertical deflections are recorded by 
them and the differences in settings are the deflec- 
tions d). 

Shear displacements are produced by inserting the 
shear plugs, which are also exactly alike, with the flat 
portion bearing first against the faces, 1, of the notches 
and then against the faces, 2. This causes one side 
of the gauge to be displaced laterally with respect to 
the other side, the sides of the cut section remaining 
parallel and exactly the same distance apart as when 
the normal plugs ara in place. The moment displace- 
ments are produced by inserting the two moment plugs, 
which are of different diameters, and then interchang- 
ing them. 

CELLULOID MODEL CONSTRUCTED 

In making the model of the Yadkin River Bridge the 
total moment of inertia of the concrete plus n times the 
moment of inertia of the steel was first computed for 
each of the various sections of the actual structure and 
the sectional dimensions of the model were based on 
the cube roots of these quantities. The scale of these 
sectional dimensions was selected so that the width of 
the arch rib did not, in general, exceed a size that 
could be grasped by the clamps on the gauges. This 
resulted in the selection of 1 inch to 5 feet as the proper 
scale, and a model approximately 100 inches long, 
since the bridge consisted of three equal arches of 
approximately 150 feet clear span each, a total of about 
500 feet from end to end. 

The outline of one-half of the model was next care- 
fully scribed on a thin sheet of aluminum and small 
holes drilled at frequent intervals along the scribed 
lines. This templet was then clamped to a sheet of 
0.08-inch celluloid, 20 by 50 inches in size, and center 
punch marks were made through the holes drilled in 
the templet. These punch marks were later used in 
scratching the outline of the model on the celluloid. 
The templet was next clamped to a new pusition on the 
celluloid sheet and the process repeated. By taking 
advantage of the symmetry of the structure, much 
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labor was saved in laying out the model on the celluloid 
and mistakes which would no doubt have been mace 
in scratching directly on the celluloid were avoided, 
The two halves of the model were roughly sawed out 
with a coping saw and filed down to the outlines. 


CARE USED IN SETTING UP MODEL TO PRODUCE ACCURATE 
RESULTS 


In mounting the model upon the drawing board a 
finishing nail was driven just beyond each end of the 
model and a cotton thread stretched taut between 
them. The two halves of the model were then placed 
in approximate position and supported upon l-inch 
steel ball bearings which rested in turn upon %-inch 
brass blocks. The top of the model was adjusted to 
the cotton thread reference line and the bottoms of 
the four piers were clamped to the board. A gaug 
was placed at the crown connecting the two halves of 
the model. In order to simulate the condition of 
restraint offered by the approach spans, the two end 
piers of the model were also fastened with the clamps 
shown in Figure 1. 

The reference line formed by the cotton thread proved 
of considerable value not only in setting the two halves 
of the arch in position but also in indicating the normal 
position of the model throughout the analysis. 

In order to increase the ease and accuracy of micro- 
scope reading, targets were glued to the model at points 
where microscope readings were to be taken. These 
targets consisted of small disks punched from a sheet 

LL: , Fev ° 

of white celluloid. The point to be observed on the 
disk was indicated by making a very small indentation 
with the point of a fine needle and then smearing a 
little India ink over the target. When the surplus 
ink was wiped off some of it remained in the indentation, 
producing a very small, round speck in striking con- 
trast with the white celluloid background. 

In making the field tests, stresses were measured by 
telemeters in both the extrados and intrados of the 
central arch at points M, N,O, P,Q, P’,O’, N’, and M’ 
indicated in Figure 1. It was necessary, therefore, in 
order to check these stresses, to attach gauges at those 
points. The other field results with which it was 
desired to compare results from the model analysis 
were the rotations at nine points of the arch axis which 
had been measured in the field with clinometers 
Since these rotations or are dependent upo: 
bending moments in the rib, it was necessary to draw 
a bending-moment diagram for the rib. This obvious! 
made it necessary to have deformeter data from each 
panel from which to compute the bending mements at 
the sides of the columns. Accordingly gauges were 
also attached at points N,, N’;, P;, and P’,;. This made 
a total of 13 points at which deformeter data were 
necessary. Since only six gauges were available, it 
was necessary, after the first six points had been 
investigated, to remove the gauges to other point: 

The cut sectious, left upon the removal of the gauges 
had, of course, t6 be repaired in some way. Although 
welding with a thick solution of celluloid in acetone s 
commonly recommended for this purpose, tests, made 
in advance, indicated that about 48 hours must claps¢ 
before the welded section becomes hard and clastie. 
Small clamps were therefore used in order to save time. 
These clamps consisted of small brass blocks, °4 bY 
114 by 3 inches, with straps similar to those on the 
deformeter gauges. The two sides of the cut were 
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clamped down to the brass block by the straps and 
the whole device was supported on three %-inch ball 
bearings resting upon a y,-inch brass plate. 

Deformeter measurements made with only the crown 
gauge on the model were later checked after all the 
gauges and clamps were in place, thus showing that 
the presence of additional gauges and the method of 
clamping had not altered appreciably the original shape 
or elastic properties of the model. 

In attaching gauges to the model an interesting 
problem arose which, fortunately, had been foreseen, 
namely, that the plug holes in some of the gauges were 
covered over by the model, thus making it impossible 
to insert the plugs from the top, as is usually done. 


The purchase of special gauges with the plug holes 
offset so as to clear the model was at first considered, 
but this would have involved much loss of time and 
additional expense. It was finally suggested that holes 
be bored in the drawing board directly under the plug 
holes in the gauges so that the plugs could be inserted 
from below. Three-quarter inch holes were made in 
the board where necessary before placing the model and 
subsequently the plugs were inserted through these with 
a pair of bent crucible tongs without difficulty. 


SIMPLE TECHNIQUE EMPLOYED 


The work of making and recording the thousands of 
microscope readings was done by two men, one of whom 
manipulated the gauge plugs and read the microscope 
and the other recorded the readings. 

The technique employed was very simple. Six micro- 
Scopes were oriented and focussed upon six of the main 
targets, the proper plugs were inserted in the gauge 
under consideration, the temperature recorded, and the 
microscopes were quickly set upon the target points 
and read. The plugs were then changed, temperature 
Was again recorded, microscopes were reset, and the 
second readings were taken. This was done as quickly 
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as feasible, to permit as little temperature change as 
possible. The effect of temperature will be discussed 
later. 

As soon as the thrust, shear, and moment data had 
been determined for the gauge and the microscope posi- 
tions concerned the microscopes were shifted to six 
targets on the other half of the arch and the process was 
repeated for the same gauge. The difference between 
the two microscope readings for each point was then 
multiplied by the calibration coefficient of the micro- 
scopes and the thrust, shear, and moment influence 
diagrams for the point in question were plotted. In 
many cases, however, it was impossible to determine the 
true shape of the influence diagrams with readings 
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from 12 positions of the microscopes and additional 
points usually had to be investigated. These additional 
points were selected so as to determine accurately the 
influence curve at points of sudden change of curvature. 

To avoid errors in the sign of the microscope readings, 
a rule must be adopted and carefully followed if con- 
fusion is to be avoided. In the analysis under discus- 
sion the micrometer screws of the microscopes were 
always oriented in the same direction. The microscopes 
are so constructed that the orientation of the microm- 
eter screw is independent of the microscope stand. This 
constant orientation, coupled with a definite order of 
plug insertion, practically eliminated this possibility of 
of error. 

DIFFICULTIES SOLVED IN MAKING ANALYSIS 


It was discovered at the beginning of the analysis that 
the two pairs of thrust plugs ordinarily supplied with 
the deformeter apparatus differed in diameter by so 
great an amount as to be unsuited for use with the 
model to be used. The model was so stiff that when 
the attempt was made to force the gauge bars far enough 
apart to insert the large thrust plugs the model was 
seriously distorted out of its normal plane. Conversely, 
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when the small-size thrust plugs were inserted the gauge 
bars failed to close up snugly on the plugs. This effect 
was greatest between columns 3 and 3’, where the model 
offered great resistance to displacement of the sides of 
cut sections due to the stiffness of the very short col- 
umns and widened rib section, enlarged to represent the 
curtain wall. This difficulty was overcome by obtaining 
two pairs of thrust plugs which differed in diameter 
by a much smaller amount than the plugs regularly 
supplied. The difference in diameter of the plugs ordi- 
natily supplied is 0.03599 inch; that of those used was 


0.00539 inch. 
* 7 ~ 
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SECTIONAL VIEW 
Fig. 2.—Brccs DEFORMETER GAUGE 


The stiffness of the model was responsible for another 
difficulty. The two bars of the gauge, are of course, 
supposed always to lie in the same plane so that the 
sides of the V-notches will be parallel and thus insure 
a snug fit against the plugs throughout the entire depth 
of the notches. It was noticed that in a few of the stiffer 
sections of the model the force exerted by the model 
upon the gauge bars, acting eccentrically with that of 
the springs holding the bars, produced an opposite 
rotation of the two bars about horizontal axes so that 
they no longer lay in the same plane. These forces are 
indicated by arrows in the sectional view of Figure 2. 
This condition was overcome by using a small C-clamp 
at each end of the gauge to draw the bars into the proper 
position. 

The model was quite sensitive to temperature varia- 
tions. This made it necessary to maintain as nearly as 
possible an even temperature in the room where the 
analysis was conducted and to manipulate plugs and 
read miscroscopes as quickly as practicable so as to 
reduce the temperature change in the interval between 
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microscope readings toa minimum. All determinations 
involving temperature changes greater than 0.10° C, 
were thrown out. There were but few of these, how- 
ever, due to the close temperature control effected by 
keeping the doors and windows of the laboratory closed, 
It was found that a puff of warm air coming through an 
open window would often send the temperature up a 
half degree centigrade in five minutes. Since it was not 
possible to work fast enough to keep the time interval 
between readings much below five minutes, and _fre- 
quently longer, this was an important item 

Figure 3 shows a typical influence diagram for bending 
moment at the crown of the arch and how it is affected 
by a temperature variation of 0.5° C. It will be 
noticed that the percentage error is great only in regions 


of small microscope readings and that it is not large 
enough to be particularly serious at points of large 
readings. In the instance cited the percentage of 


error ranges from 100 per cent or more for the small 
readings to 8 per cent for the maximum reading at the 
crown. 

Ordinarily the temperature variation will not be as 
greatas0.5° C.if precautions are taken, and most analyses 
are for the purpose of determining stresses where one 
is largely if not exclusively concerned with the large 
readings. In the present case, as will be seen later, 
small readings played a very considerable part in deter- 
ining rotations which, unlike stresses, depend not 
merely upon the moment at the point where the stress 
occurs but upon the entire bending-moment diagram 
of the arch nb. 


DEFORMETER DATA PRESENTED 


A part of the deformeter data selected as typical is 
presented in the form of influence diagrams, Figures 4 
to 17,inclusive. All of these pertain to the left half of 
the span, but those relating to similarly situated sec- 
tions in the right half of the span display the expected 
symmetry. This form of presentation makes it possible 
to observe the many peculiar characteristics of the 
influence diagrams of analyses A and B (meaning of 
symbols explained below) in contrast with those of C, 
which follow very closely the theoretical influence 
diagrams of the free rib. 

Some explanation of the meaning of the symbols A, 
B, and C seems necessary. The floor of the Yadkin 
River Bridge was of the conventional deck-girder type, 
with the ends of the girders resting upon spandrel col- 
umns without definite connection, the load being trans- 
ferred to the supporting elements through a sole plate 
and a masonry plate. These plates were badly rusted 
together and thereby offered a large if not perfect 
resistance to displacements of a shearing nature. They 
were not, however, able to resist separation by direc! 
tension or tension due to bending. As a matter of 
fact, it was observed that under certain loadings some 
of these plates actually separated on the tension side. 
The bending moments in the spandrel columns wert 
dependent not only on the position of the load but upo! 
the exact degree of fixity of the tops of the colum™ 
The problem of accurately representing this conditlo! 
in the model was one which had to be solved by the 
exercise of judgment rather than by accurate col 
putations. 

It was decided to make the first set of determinatiol 
upon a model cut out of solid material as if the girdes 
had been built intergally with the columns. The col 
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nections of the girders and columns were then modified 
in an attempt to bring about a simulation of the con- 
ditions described for the actual structure. Later the 
entire floor and spandrel construction was cut loose, 
leaving only the free rib, this condition corresponding 
to a series of measurements made upon the Yadkin 
River Bridge after the continuity of the deck had been 
completely destroyed. 

The modification of the girder connections was 
effected by severing the tops of the columns from the 
underside of the floor and welding on a small celluloid 
link with a drop of acetone. The construction of the 
links and the manner of connecting them is shown in 
Figure 18. 
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The three conditions of test resulting from the fore- 
voing were designated as follows: Floor and columns 
integral, with microscope readings taken on the floor, 
condition A; column connections modified, with read- 
ings on the floor, condition B; floor, spandrel construc- 
tion and curtain wall removed, with readings on the 
free rib, condition C. 
INFLUENCE DIAGRAMS USED IN COMPUTING STRESSES AND ROTA- 

TIONS 

The influence diagrams, Figures 4 to 17, were used. 
in computing the extrados and intrados stresses shown 
in Figures 4 to 13 of the main report‘ (typical graphs 
shown on p. 218) which also show measured stresses 
and theoretical stresses computed for the free rib. 
The two ordinates corresponding to the two points of 
application of test load (68,250 pounds) were picked 
from the thrust influence diagram for the particular 
section involved. These ordinates were then added 
and multiplied by 68,250, the result being the total 
thrust applied to the section. The bending moment 
at the section was obtained from the moment influence 
diagrams in a similar manner. The extrados and 
intrados stresses were then computed from the were 
known formula 


) 
f= ; [+ = in which 
f=unit fiber stress in concrete, 
P= total direct stress, 
A=combined area of section (steel and concrete), 
M=bending moment at section, 
y = distance from neutral axis to extreme fiber, 

I=combined moment of inertia (steel and concrete) 

of section. 

In computing the values of arch rib rotation shown 
in Figures 27 and 28 of the main report, which also 
show the measured values and the theoretical values 
computed for the free rib, it was first necessary to 
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make bending-moment diagrams for the entire arch 
rib for each of the three conditions of model analysis 
and five positions of load. A typical bending-moment 
diagram, for a load of unity, 1s shown in Figure 20. 
One value of bending moment was measured directly by 
deformeter gauges in each panel (usually about midway 
between columns), while the values shown at each 
side of the columns and at the springing points were 
computed from the thrust, shear, and moment at 
the adjacent gauges. 

The construction of a diagram showing the varia- 
tion of EJ for the rib was also necessary before the 


: Mds = 
rotations, = j7 could be computed. This diagram is 


shown in Figure 19 in which the sudden increase in 
values at columns 3 and 3’ is due to the presence of a 
curtain wall which was constructed integrally with 
the rib of the structure between these columns. 

The diagram for values of EJ was plotted upon 
tracing cloth and when this was superimposed upon 
the bending-moment diagrams it was possible to pick 
directly from the combined diagrams the bending- 
moment ordinates V, the length of the rib segment ds, 
Mds 
El 
were so obtained for each successive length of rib 
beginning at the springing point and tabulated. In 
order to determine the rotation at any given section 
it was only necessary to sum up, algebraically, the 
tabulated values between the springing point and the 
section in question. 


and the corresponding value of EJ. Values of 


Mds 
EI 
taken from end to end of the rib should, of course, 
equal zero. Actually the values when added failed to 
balance, the discrepancy amounting to as much as 
16 per cent in the case of analyses A and B. However, 
for analysis C the balance was very close. In each case 
the error was distributed before computing the rota- 
tions. 


The algebraic summation of these values of 


MODEL RESULTS COMPARED WITH THEORETICAL 
STRESSES 


AND ACTUAL 


Figures 4 to 6 of the main report (see p. 218) show the 
theoretical values of stresses computed for the free 
rib and the stresses measured on the actual structure 
with the deck intact. The lines connecting plotted 

oints are not intended to indicate variations in stress 

etween points but merely as a guide for the eye. In 
these diagrams the model analysis results have also 
been shown for condition A, floor and spandrel con- 
struction integral, and condition B, floor and spandrel 
columns connected with links. 

The model stresses show a general correspondence 
with the measured ones, the results of analysis B being 
particularly close to the measured stresses. This 
indicates that the method adopted to make the model 
of analysis B fit the structure was a fair approximation. 
The stresses of analysis A are in practically every case 
lower than either those of analysis B or the measured 
ones, which is to be expected because of the stiffer 
condition of the model. 

As pointed out in the main report, a comparison of 
the theoretical rib stresses with either the measured 
stresses or those derived from the model strikingly 
reveals the reduction in rib stresses due to the stiffening 
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effect of the superstructure and curtain wall. Taking 
this effect into consideration makes possible materia! 
economies in the design of such a rib. The question 
which naturally arises as to the applicability of the 
deformeter method to such a design 1s discussed later. 

Figures 10 to 13 of the main report (see p. 219) show 
the theoretical stresses computed for the free rib and 
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the stresses measured with the continuity of the deck 
destroyed so that the test loads were applied directly 
to the arch rib by means of the spandrel columns. 
These diagrams also show the stresses resulting from 
model analysis C, with the superstructure and curtain 
wall removed from the model rib. No measurements 
were made with loads at columns 1 and 2 because of 
danger involved in such loading; consequently no 
curves are submitted for this condition. <A crack 
developed in the concrete of the intrados between the 
gauge points of the crown telemeter and measured 
stresses are therefore not shown for this point. 

A study of these curves reveals that the theoretical 
stresses and the model stresses check almost exactly. 
This is of particular interest in view of the fact pointed 
out in the main report that, all things considered, the 
curves of measured stresses also check the theoretical 
curves very well. They show the same general varia- 
tions and in at least 75 per cent of the cases plotted 
the results are remarkably close. 

These curves should go a long way toward allaying 
any doubt that may exist as to the applicability of the 
elastic theory to the design of free arch ribs. Here we 
see the stresses predicted by the theory essentially 
substantiated in the reinforced concrete structure and 
further substantiated in a homogeneous elastic mode! 
of the structure. 

BENDING MOMENT DIAGRAM INDICATES STIFFENING EFFECT OF 
SUPERSTRUCTURE 

A typical bending-moment diagram of the areli rb 
for the three conditions of mode analysis is shown In 
Figure 20. The effect of the superstructure is clearly 
indicated by comparing the theoretical bending- 
moment diagram, computed for the free rib with those 
resulting from model analyses A and B. The results of 
analysis C correspond closely to the theoretical. 

The great difference between moments existing 0D 
either side of the columns of model analyses A and B 
represents the bending moments carried by the co!umns 
at their lower ends and introduced by them into the 
rib. The reader is likely to wonder what happens to 
the columns under these moments and to think that 
economies effected by taking the superstructure ito 
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consideration in designing would be largely offset by the 
additional material necessar vy tomake the columns strong 


enough to resist these high moments. As a matter of 
fact, the columns between 3 and 3’, inclusive, existed 
only in the model: the actual structure, following com- 
mon practice, had a curtain wall between these columns. 

In order to throw some light upon what stresses might 
€ expected in spandrel columns, two most heavily 
Stressed ones were investigated, i. e., column No. 2, 
existing in both the structure and the model and column 
NO. 4, existing in the model only. In both cases 
maximum stress conditions were found with loads 
Placed at columns Nos. 2 and 3. For the test load of 


BENDING-MOMENT DIAGRAMS FOR UNIT 


LOADS 


68,250 pounds, without impact, the maximum fiber 
including dead load, were found to be 880 
pounds per square inch compression and 430 pounds 
per square inch tension for column No. 2, whereas for 
column No. 4 these amounted to 1,870 and 1,630 
pounds per square inch, respectively. For the com- 
monly specified 20-ton truck, or 125 pounds per square 
foot of floor, both with 30 per cent impact, the maximum 
fiber stresses, including dead load, were found to be 
305 pounds per square inch compression and 75 pounds 
per square inch tension for column No. 2, while for 
column No. 4 these amounted to 580 and 460 pounds 
per square inch, respectively. 


stresses, 
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MODEL RESULTS COMPARED WITH THEORETICAL AND ACTUAL 
ROTATIONS 


Curves A, B, and C of Figures 27 and 28 of the main 
report (see p. 219) show the results of analyses for the 
three model conditions. Curve D shows the theoretical 
rotations computed for the free rib and curve E shows 
the rotations measured with the deck intact. Rotations 
measured with the continuity of the deck destroyed are 
omitted in order to avoid confusion. These values, 
however, check the theoretical values at least as closely 
as do the values of model analysis C. The fact that 
curves C and D check the measured rotations with the 
deck cut is further evidence of the applicability of the 
elastic theory to the design of free arch ribs. 

The measured results and the model results A and B 
are consistently less than the theoretical results, again 
indicating the stiffening effect of the superstructure 
with its attendant possibilities of economy. 

The rotations of analysis B with the floor-beam con- 
nections of the model replaced with celluloid “links”’ 
are consistently closer to the measured results than are 
those of analysis A for the unmodified floor condition. 
In the discussion of the stress curves it is argued that 
because the stresses of model analysis B check the 
stresses measured with the deck intact the method of 
modifying the floor-beam connections of the model was 
successful. In the rotation curves under consideration 
the model rotations B when compared with the rotations 
E, measured with deck intact, bear out this fact, al- 
though it is not at first apparent. This is because the 
individual values do not check. However, the slopes 
are largely very similar, and it is the slopes of the curves 
which are important. This is true because the slope 
is directly proportional to the bending moment divided 
by the moment of inertia of the section, and, therefore, 
at any particular point on the arch axis where the curve 
slopes are the same the bending moments are the same. 
Since rib stress is very largely due to moment, the rota- 
tion curves as well as the stress curves indicate that the 
model with the floor modified corresponded fairly closely 
to the actual structure with the deck intact. 


BEGGS METHOD ADAPTED TO CHECKING COMPLICATED DESIGNS 
WHERE DEFINITE CONNECTIONS ARE USED 


For simple structures such as a free arch rib the Beggs 
method possesses a very high degree of accuracy. It is 
easily possible to read microscope settings to a half of a 
scale division of the micrometer head, which means, for 
the plugs and calibration factors used in this analysis, 
an accuracy of 0.05 foot-pound for moment, 0.01 pound 
for thrust, and 0.002 pound for shear when the influence 
load is 1 pound. The calibration factors by which 
microscope readings were multiplied in order to reduce 


; . , 5 1 
them to influence diagram ordinates are 53.07’ 39.74’ 


and 


1 : 
64 for moment, thrust, and shear, respectively. 


For complicated structures the accuracy is somewhat 
reduced. It was noticeably more difficult to obtain 
check readings on individual influence diagram ordinates 
of the A and B analyses than for the free rib condition C. 

The effect of temperature is serious, particularly in 
the case of complicated structures where microscope 
readings are more likely to be small and where often- 
times plugs of smaller diameter differences must be 
employed. The degree of accuracy which can be ob- 
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tained with the Beggs apparatus will certainly be en 
hanced by controlling temperature variations to 
greater degree than is commonly met with in the average 
drawing room. 

The problem of truly representing a given structure 
by a model is of outstanding importance. Such features 
of construction as curtain walls, which are an integra] 
part of the structure, can be represented with consider- 
able accuracy. In representing the conditions of in- 
definite connections such as were met with in the case of 
the expansion joints and the bearing-plate contact 
between the deck and spandrel construction of the 
Yadkin River Bridge, it must be admitted that any 
modification of rigid connections in the model is little 
better than an estimate. 

Because of this difficulty, which definitely reduces 
the Beggs method to the realm of uncertainty and which 
is accentuated by the fact that the effect of any at- 
tempt to represent indefinite connections varies with 
the position of load as well as other factors, it is felt 
that where this method is contemplated in design it 
will be well to consider using definite connections in 
the structure. Where this is done there appears no 
serious reason why the method is not well adapted to 
checking designs of a complicated nature. 


CONCLUSIONS 


1. The behavior of the free rib as calculated by the 
elastic theory is in close agreement with that deter- 
mined by the model analysis. 

2. The model analysis shows that the presence of 
the superstructure acts to reduce rib stresses. 

3. In model analyses similar to that made of the 
Yadkin River Bridge considerable care must be exer- 
cised to maintain a fairly uniform room temperature 
during operations. 

4. It is indicated by the relatively greater difficulty 
encountered in securing check results that the accuracy 
of the Beggs method is somewhat decreased as struc- 
tures grow more complicated. 

5. Where the application of the Beggs method to 
design is contemplated provision should be made for 
definite connections in the structure. Otherwise the 
problem of representing the structure by a model 
becomes very uncertain. 


MOTION PICTURE OF YADKIN RIVER BRIDGE TESTS 
AVAILABLE 


A motion picture showing details of the Yadkin 
River Bridge tests, reported in this and the preceding 
issue of Pustic Roaps is now ready for distribution. 
The picture has been prepared by the Office of Motion 
Pictures of the United States Department of Agr 
culture for the Bureau of Public Roads. 

The picture shows the method of loading, test appa 
ratus in place, measurements being taken, and closes 
with scenes taken during the destruction of the bridge 
with explosive in experiments by the War Department. 

About 20 minutes are required for showing the film, 
which is available for use on specific dates upon the 
condition that the borrower pay the cost of transporta 
tion. Requests for the film should be directed to the 
Office of Motion Pictures, United States Department 
of Agriculture, Washington, D. C. 
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Tests recently completed by the Bureau of Public 
Roads on 100 samples of sands from Maine have given 
some indication of the effect of certain mineral constit- 
uents on the strength of mortar. It should be stated, 
however, that the materials examined were obtained 
from a relatively limited area and that any deductions 
drawn from the test results may not necessarily be 
applicable to sands of similar composition but deposited 
under widely different conditions. 

While the Maine sands vary greatly in composition, 
as previously reported by Leavitt and Gowen,' 67 of 
the samples were found to contain orthoclase feldspar 
and quartz as essential constituents associated with 
small quantities of mica and occasionally fragments of 
granite and granitic gneiss. In some cases small 
quantities of sandstone and schist were also identified. 
On the whole, these 67 sands are distinctly of granitic 
origin and differ from the remaining varieties in the 
angularity of grain, indicative of very short transporta- 
tion from source of origin. 

The remaining sands, comprising 33 samples, were 
composed essentially of rounded fragments of quartz, 
sandstone, and slate, with varying quantities of shale, 
schist, and limestone, and were derived chiefly from 
sedimentary or metamorphic rock formations. 

The angular constituents of the granitic sands might 

lead to the assumption that they would yield greater 
mortar strength than the more rounded sands from 
sedimentary rocks, but in regard to tension, at least, 
this was found not to be the case. (See report by 
Leavitt and Gowen.') The results of the laboratory 
tests should not, however, be taken as conclusive 
evidence of the superiority of the sedimentary sands 
over those derived from granitic rocks, as the consti- 
tuents of the former, especially shale and slate, may 
well be less resistant to disintegration under severe 
atmospheric conditions than the quartz and- feldspar 
of the granitic sands. 
Table 1 gives the results of the tests for both types of 
sand. The test specimens (briquets and 2 by 4 inch 
cylinders) were made of 1:3 mortar of normal con- 
sistency and tested at 7 and 28 days. ‘Tests were also 
made on Ottawa sand mortar in order to determine 
the strength ratio. 

Only the results of strength tests with sands having 
20 per cent or more retained on a No. 14 sieve have 
been tabulated. Eighty-three of the sands met this 
requirement, while 13 were found to contain so much 
clay and silt as to be unsuitable for an analysis of 
this character. In Table 1 the 83 sands have been 
divided into the two major groups according to origin. 
Each group has also been further subdivided accord- 
ing to the amount retained on the No. 14 sieve to 

ring out relations which may exist between the 
Strength ratio and the grading of the sand. These 
values have all been plotted in Figure 1, which brings 
out the interrelationships existing between mineral 
composition, strength, and grading in a very inter- 
esting manner. 


a 


- Mineral Content of Maine Sands in Relation to Mortar Strength, by H. Walter 
avitt and John W. Gowen, Proc. Nat. Acad. Sciences, vol. 13, No. 6, June, 1927. 


INFLUENCE OF MINERAL COMPOSITION OF SAND ON 
MORTAR STRENGTH 


Reported by E. C. E. LORD, Petrographer, Division of Tests, United States Bureau of Public Roads 


Comparing the average tensile strength ratio for 
groups A and B at 7 and 28 days (fig. 1), we find that 
the average ratio for the feldspathic group is only 73 
per cent of the corresponding values for the nonfelds- 
pathic group at 7 days and only 66 per cent of the non- 
feldspathic group at 28 days. In compression both 
sand types yield mortars having about equal strengths 
at both testing periods. 

The tests show a decrease in tensile strength ratio 
at 28 days compared with that for the 7-day period 
for mortars containing both types of sand. In com- 
pression, however, practically the same strength ratio 
is noted for both periods. 
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Fig. 1.—RELATION BETWEEN GRADING, MINERAL COMPOSITION, 
AND STRENGTH OF CONCRETE SANDs. Group A COMPOSED 
ESSENTIALLY OF QUARTZ, SANDSTONE, AND SLATE. Group B 
ComposeD EssENTIALLY OF QUARTZ, FELDSPAR, AND Mica. 


TaBLe 1.—Results of tests 


GROUP A.—SANDS CONSISTING ESSENTIALLY OF QUARTZ, SAND- 
STONE, AND SLATE 


Tensile strength 


t Compressive 
7 : . Average Retained ratio strength ratio 
Number of samples finaneen ‘in No. 14 


ae modulus | _ sieve ; Gare 


7 days 22&days | 7days 28 days 





Per cent 
ie ee ee 3. 56 50-60 133 122 120 128 
5 ; 3. 29 40-50 122 109 116 102 
ll 2. 97 30-40 112 110 107 105 
_ ae . 2. 82 20-30 lll 103 103 102 
Weighted average. -- 3. 14 20-60 119 lil lll 109 





GROUP B.—SANDS CONSISTING ESSENTIALLY OF QUARTZ, FELD- 
SPAR, AND MICA 


50-60 100 7 121 128 





Baa 3. 44 

ll 3. 28 40-50 92 71 119 117 

17 3. 12 30-40 88 7 115 114 

25 2.78 20-30 83 74 103 105 
Weighted average - -- 3. 01 20-60 87 73 110 lll 
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It is probable that the inherent weakness of mortar 
made with granitic sand of the types considered is due 
largely to the feldspar component, as the quartz is 
perfectly sound and the mica is present in quantities 
too small to appreciably affect the mortar strength. 
Comparing the appearance of granitic sand with freshly 
crushed pvranite screenings, it is observed that the 
flesh-colored tint usually apparent in the fresh granite 
is largely replaced by a grayish brown color, due to 
oxidation and hydration of iron compounds present in 
the granite. This coloration is an indication of weather- 
ing and is confined generally to the feldspar constituent 
of the sand. In some cases the weathering has ad- 
vanced so far that kaolin-like products of decomposition 
occur which sensibly decolorize dilute aniline dye solu- 
tions. The natural cleavage of the feldspar, rendered 
more pronounced by weathering, causes the individual 
feldspar grains to part readily when subjected to tensile 
stresses, thereby lowering the strength of the mortar. 
That the tensile-strength ratio is lower at 28 days’ 
than at 7 days’ curing may be explained by presuming 
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the early strength to be controlled largely by the 
strength of the cement binder, regardless of the quality 
of the aggregate, whereas, later on, as the cement 
increases in strength, the inherent weakness of the 
feldspar grains becomes effective in reducing the nor- 
mal strength of the mortar. The weakness of the 
feldspathic grains at the 28-day period is apparently 
the controlling factor, entirely overshadowing the effect 
of grading which is indicated at 7 days. 

Compression tests, however, indicate that the stric- 
tural weakness of the feldspar is largely overcome by 
the angularity of the grains, which, when interlocked 
with angular quartz, produce mortar aggregates of!er- 
ing as great a resistance to shear as the grains of quartz, 
sandstone, and shale. 

The results obtained from this investigation indicate 
that sands of the general character of those examined 
which contain an appreciable quantity of feldspar in a 
more or less weathered condition should be avoided 
in mortar or concrete subject to tensile stresses. 


A PROPOSED ABRASION TEST FOR SAND INVESTI- 
GATED 


Reported by D. O. WOOLF, Assistant Materials Engineer, United States Bureau of Public Roads 


jected to certain tests to determine their suit- 

ability and to predict as far as is possible their 
effect upon the quality of the resulting concrete. These 
tests include a mechanical analysis to determine the 
grading of the material, a chemical test to detect the 
presence of organic matter, a washing test to determine 
the amount of clay and silt present, and a strength test 
of the sand mortar. The strength test is usually a 
tension test on mortar briquets and the results are 
commonly expressed as the ratio between the strength 
of a mortar using the sand in question and that of a 
mortar of the same proportions and consistency using 
standard Ottawa sand. This tensile-strength test ratio 
in many cases has been considered to furnish, directly, 
an index of the concrete-making properties of the sand. 
The test, however, fails to accomplish this purpose. 

It is known that the results of the tension test are 
not dependent on the quality of the sand alone, but 
are affected to a great degree by the grading of the 
sand, the amount o° silt and clay, or the presence of 
organic or other impurities. These factors are inherent 
in the test; other factors such as the consistency of the 
mortar and the strength of the cement used, the method 
of molding, and temperature of the mixing and storage 
water, etc., may affect the results to a marked extent, 
but as these can be controlled they need not be con- 
sidered further in this discussion. 

None of the routine tests ordinarily made on con- 
crete sands directly determine the quality of the sand 
grains. The present practice in concrete-road con- 
struction results in the coarse aggregate being worked 
away from the surface, and it is apparent that sands 
composed of hard and durable grains are advantageous 
in order that the mortar surface thus formed may resist 
the abrasive action of traffic. The object of the in- 
vestigation described in this paper was to devise a 


Ee PROPOSED for use in concrete are sub- 


simple laboratory test which would indicate the re- 
sistance to wear or abrasion of sand grains. It is 
believed that if a test can be devised which will indicate 
the quality of the sand grains alone it will be a great 
improvement over the present test. 


PROPOSED ABRASION TESTS HAVE BEEN UNSATISFACTORY 


In 1915 F. L. Roman, at that time testing engineer 
for the Illinois Highway Department, published a 
paper ' describing an abrasion test for sand. The test 
consisted of removing from a sample of sand the ma- 
terial over 44-inch and under the 50-mesh, and sub- 
jecting a given weight of the residue to the impact and 
abrasion produced by a certain number of smal! steel 
balls when run in the standard Deval abrasion machine. 
No effort was made to eliminate the effect of grading. 
The results were not very reliable and the test was not 
generally adopted. 

In 1925 John W. Gowen and H. Walter Leavitt, of 
the University of Maine, published a paper ? describing 
an abrasion test for sand which is an improvement over 
Roman’s original test method. Gowen and Leavitt 
used a 500-gram sample of sand passing the 14-mesh 
and retained on the 28-mesh sieves, with an abrasive 
charge of eighteen 34-inch steel balls and a test run o 
2,000 revolutions in the Deval machine. The material 
passing the 100-mesh sieve after the test run was con- 
sidered the loss by abrasion. 

In the Roman test different samples of sand can 
not be compared as to their resistance to abrasion 
unless they have the same grading. The Mase 
method is open to the objection that only a portion o 
the entire sand sample is subjected to test. It has 
not been demonstrated that any one size of sand gral! 


Wearing Tests for Sand and Gravel, Good Roads, vol. 9, p. 186, May 1915 as 
? Bulletin No. 13, Maine Technology Experiment Station, A Method of Measur!” 
Hardness and Durability of Sand. 





a one ak Oe a h6UlCO oh OCU [Ue 


—_ ™ ome 65 8S 


"oo © © fc - oo 


go 


, _ See 








January, 1929 


is representative of the entire material, and for this 
reason it seems desirable to include a portion of each 


size in the sample as prepared for test. Table 1 gives 
the results of a series of tests on a local sand, each 
size being tested separately, as well as in two definite 
gradings. These results indicate that in order to 
obtain directly comparable results between different 
sands the grading must be controlled and the test 
sample should be representative of the major portion 
of the sand. 


Table 1.—Results of abrasive tests on sands of different grading 


Percent- 

Grading age of 

wear 
Y¥-inch! to 10-mesh_-_.___- acs 2.8 
10-mesh to 20-mesh_.._- ; cna #: 4.6 
20-mesh to 30-mesh___- 5.8 
30-mesh to 40-mesh___. ; 8.0 
40-mesh to 50-mesh_.__.....-.---- ae 14.3 
Coarse grading (44-inch to 50-mesh) ?__. 9.4 
Fine grading (44-inch to 50-mesh) ?___- , we 10.9 


1 The 4-inch screen mentioned in this paper has round openings. 
? The gradings used here are as follows 


Percentage in test 


sample 
Size 
Coarse Fine 
1,-inch to 10-mesh__. a 30 20 
10-mesh to 20-mesh - - .- i 30 20 
20-mesh to 30-mesh - - - 20 25 
30-mesh to 40-mesh - - - ed ; 10 20 
{0-mesh to 50-mesh - - -- . 10 15 


SATISFACTORY RESULTS SECURED WITH NEW METHOD 


To remove this effect of grading, two methods were 
proposed; first, to test all samples using a certain 
standard grading; second, to test the sample using 
its natural grading and to run accompanying tests on 
a standard sand with the same grading as the sand 
under test, expressing the results as the ratio between 
the percentages of wear of the two sands. It was 
decided to use the first method. The second method 
mentioned has advantages which warrant a more 
careful study of its use. However, the lack of a satis- 
factory sand to be used as the standard of comparison 
was the deciding factor against the further investigation 
of this method at the present time. 

The sieve analyses of over 200 sand samples were 
examined to select a grading suitable for adoption as 
the standard. This grading should be such that it 
corresponds closely with the sieve analysis of what 
might be termed a typical concrete sand. It should 
afford as true an indication as 1s possible of the mean 
hardness or resistance to abrasion of the sand grains, 
and should be produced without an undue amount 
of labor. Such a grading was established and testing 
of the sands was begun to determine a criterion of 
abrasive loss, this value to be based upon the known 
behavior of the material in service as well as the char- 
acter of the mineral constituents. 

he test is made on samples weighing 500 grams 
to the nearest tenth of a gram, prepared from sand 
graded in the following proportions: 


Size of grain Per cent 
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The sample is placed in the standard Deval abra- 
sion machine with an abrasive charge of ten 34-inch 
steel balls and run for 2,000 revolutions at a rate of 
30 to 33 revolutions per minute. At the end of the 
test run the sample is removed from the cylinder, 
weighed to check against loss, and tested on a 50- 
mesh sieve. The amount passing this sieve is consid- 
ered the loss by abrasion and is expressed as a percent- 
age of the original weight. 

A number of concrete sands were tested in this 
manner and the results compared with the reported 
service record of the materials. These samples included 
several different types of sands such as sands predomi- 
nating in quartz grains, sands containing a large per- 
centage of sedimentary rock grains, and sands con- 
taining appreciable amounts of feldspar and mica. 
The majority of these sands were routine samples sub- 
mitted by State highway departments in connection 
with Federal-aid road construction. Some abrasion 
tests were also made on these sands, using that portion 
passing the 20-mesh and retained on the 30-mesh 
sieve. Tension tests were also made on samples 
prepared with the same grading as was used for the 
graded abrasion samples in addition to the routine 
tension tests on the material as received. 

Table 2, shows the percentage of wear, tensile- 
strength ratio, and mineral composition of 36 sands 
tested as described above. These sands show per- 
centages of wear varying from 6 to 19.5 in the graded 
abrasion test, illustrating the great variation in hard- 
ness and durability of sand grains that may be en- 
countered in actual practice. It will be noted that 
the sands containing limestone, sandstone, feldspar 
or mica generally have a high percentage of wear. 


TABLE 2.—Results of abrasion tests on graded sands arranged in 
order of descending percentages of wear 





> Tensile 
I ercentage of strength ratio 
bisa at 28 days 
— ; One- Pre- Mineral composition 
Graded sized |nratural pared - 
4° rrading - aturai grading 
inch- BrScrme) grading) (4- 
No. 50) (No. 20- inch- 
; No. 30) ~ 
No. 50 
33... 19. 5 123 116 | Quartz, chert, limestone. 
18.9 119 116 | Quartz, chert, sandstone, limestone. 
30 fh Se 137 113 | Limestone and quartz. 
32... 17.5 113 130 | Quartz, cheri, limestone. 
28 _ 5 9 Steere 10 10 Quartz and sandstone. 
18. 16.0 8.5 113 112 | Quartz and limestone. 
29. 4 3) ae 8 105 | Quartz, sandstone, limestone. 
16. 14.2 6.5 145 115 | Limestone, quartz, sandstone, chert. 
34... tt, 106 107 | Quartz, chert, limestone. 
35 | Sees 129 130 | Quartz, chert, sandstone, limestone. 
25. 2.2 |. . 147 121 | Limestone, chert, quartz. 
ws {he 6.6 89 76 | Quartz, feldspar, mica, granite, sandstone. 
Wd 11.3 5.0 136 112 Quartz, chert, sandstone, limestone. 
27. 11.3 as 122 107 | Quartz, limestone, feldspar. 
2 10.9 5.3 102 4 | Quartz, feldspar, mica. 
1 10.5 6.7 127 07 | Quartz, chert, limestone, sandstone. 
14 9.8 2.2 109 89 | Quartz and chert. 
ee 9.6 5.7 100 104 | Quartz, chert, sandstone, limestone. 
20. 9.3 | 6.0 110 89 Do. 
es 9.2 | oon 128 98 | Quartz. 
26 9.2 ; 155 |.. _._.! Limestone, quartz, shale. 
5 9.1 3.7 99 99 Quartz, feldspar, chert, limestone. 
. 8.8 4.1 118 108 Quartz, with some feldspar. 
a 8.6 4.8 86 62 Quartz, feldspar, mica. 
23. } 3.5 134 100 Quartz, mica, feldspar. 
36_- 8.0 lini 104 99 Quartz, feldspar, granite, limestone 
24... 8.0 | 2.9 82 101 Quartz. 
See ae 3.5 102 84 Quartz and chert. 
+ ae 7.6 3.1 104 85 Do. 
Recxetines 7.0 3.3 128 99 Quartz. 
e... 7.0 3.1 130 100 Quartz and chert. 
ee 7.0 2.1 BED lientewke Quartz. 
_ Le 6.5 2.5 96 104 Quartz and sandstone. 
- 6.5 2.2 119 113, Quartz. 
15... 6.5 2.9 109 90 Quartz, chert, feldspar, granite. 
72... 6.0 2.8 147 102 Quartz and some chert. 
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Some of the samples show both a high percentage of 
wear and a high tensile-strength ratio. The high- 
tensile strength is due, without doubt, to the coarse 
grading of the sample, and the abrasion test furnishes 
the means of guarding against misinterpretation of 
such results. 

No relationship is found between the results of the 
abrasion test for the graded samples and those for the 
one-sized samples, except that the latter is always 
less. This further demonstrates the necessity of repre- 
senting the entire coarse material in the test samples. 
Nor does there appear to be any relation between 
the test results for the graded samples and the results 
of tension tests made on artificially graded samples. 
Although the effect of grading has been eliminated 
in these tension tests the results are still affected by 
the shape, surface condition, absorption, and mineral 
composition of the grains, whereas the abrasion test 
is affected mainly by the mineral composition.’ 


ADVANTAGES OF PROPOSED TEST DISCUSSED 


The abrasion test is proposed as a direct test for 
quality of sand grains. It is not sufficient by itself to 
determine the suitability of a sand for use in concrete, 
but should be used rather as a supplementary test. 
To test a sand for its suitability for use in concrete, a 
mechanical analysis should be made to determine the 
grading, a washing test to determine the quantity of 
silt and clay, a color test to determine the presence of 
organic compounds, a strength test to determine if the 
clay or organic compounds have a deleterious effect 
upon the binding properties of the cement, and an 
abrasion test to determine if the sand grains are of 
sufficient strength and durability. These tests will 
furnish complete data regarding the suitability of a 
sand, both as to size and quality. 

In a recent routine investigation of sand made by 
the Bureau of Public Roads it was found that the resis- 
tance of mortar to failure through freezing is in general 
agreement with the percentage of wear of the sands 
used when the gradings of the sands were approximately 
the same. The results were as follows: 


Reduction 
in com- 
pressive 

7 —— 
e LN ercentage of 1:2 
Sample No. of wear mortar 
after 20 
freezings 
and thaw- 
ings 
| Per cent 
agli ciel te lath cotean cia td icles sh sa tla talisiirin tp eta chelates isle 8.0 0 
— MOESSERE IRE AE O° GE er eee ee Aenean 11.3 | 2 
8 EE SEE EP EE eee aE TEE. 12.2 3 
aiden dinthupat nda cankanccascacwianmwnseiaweneae 13.2 8 
Nee aca tianide ne dain Sossiclaindpnleapiaabitin Gonsiicga dar sical Mewes tae 14. 6 | s 
a icc said aedich eth dvi icnacdvanecol ss alent abcess te Shaheed a 16.5 9 
anita li fa rhc nesses io sions: ds andre xs inion ida sled ents 17. 5 | ll 
EE SE Ee eee eee ann Leena 18.2 5 
tii dinitadndaaRaibowaiwinnsnabatidebddsemeenntiboenea 18.4 11 
Uae aimwantpadhenhnnoboenaaciinsiacasacinweiden 19. 5 | 8 





? Limited tests fail to demonstrate that the shape of grain causes an appreciable 
variation in the loss by abrasion. 
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The chief advantages of this abrasion test are as 
follows: 

It is a direct measure of the quality of the sand 
grains. 

The effect of grading is eliminated. 

It is almost entirely free from the personal equation 
of the operator. 

It furnishes a determination of the quality of a 
sand within a few hours. 

Duplicate tests check each other very closely. The 
mean variation between individual tests of the same 
material should not generally be more than 5 per 
cent of the average. 

The grading used approximates that of normal con- 
crete sands and samples usually may be prepared with 
a minimum of labor and material. 

The choice of a criterion to gauge the results has 
been given attention. Comparing abrasion test results 
with reports by field engineers on service behavior it 
appears that a percentage of wear of 9 may be con- 
sidered as the limit beyond which a sand should not 
be classified as excellent. The selection of a sand will, 
of course, be tempered by local conditions such as 
the availability of other sand, the general type of sand, 
and the purpose for which it is used. For example, 
in localities where the sands contain a large percentage 
of sedimentary rock grains a much higher limit must 
be allowed. As a general rule, however, a clean, well- 
graded sand having an abrasion loss of 9 or less, when 
tested as described above, should prove satisfactory 
for use in concrete pavements. 


REPORT ON PLAN OF HIGHWAY IMPROVEMENT FOR 
CLEVELAND REGIONAL AREA NOW AVAILABLE 


The report of a plan of highway improvement in the 
regional area of Cleveland by the Bureau of Public 
roads and the County Commissioners of Cuyahoga 
County is now available for distribution. This report 
should be of particular interest to those connected 
with the planning of future highway development in 
and around urban areas. In many cases it will prol- 
ably serve as a model in conducting similar work. 

The investigation was undertaken in order to obtail 
essential facts concerning traffic and its distribution 
on the highways of the regional area, and the conditio 
of present highway surfaces, structures, and railroa( 
crossings at grade, as a basis for planning the develop 
ment of new arterial highways. the reconstruction ané 
widening of present surfaces and structures, and the 
separation of railroad grade crossings, to serve presell 
and expected future traffic during a period of 10 year 

The first part of the report contains a summary 
the principal conclusions, the second the detailed dati 
of the survey upon which the findings are based, ane 
the third the plan of highway improvement. 

Features of special interest are the studies of tht 
transverse distribution of traffic on roadways as affected 
by highway conditions and studies of the effect 
speed, of traffic density, intersections, and other factor 

Copies of the report may be secured by applicati0! 
to the Bureau of Public Roads. 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department's free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 


DEPARTMENT BULLETINS 


No. 105D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 

*136D. Highway Bonds. 20c. 

220D. Road Models. 

257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10c. 

*370D. The Results of Physical Tests of Road-Building 
Rock. 15c. 

386D. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 

388D. Public Road Mileage and Revenues in the New 
England States, 1914. 

390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

407D. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

463D. Earth, Sand-clay, and Gravel Roads. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building 
Rock in 1916, Including all Compression Tests. 
5c. 

*583D. Reports on Experimental Convict Road Camp, 

ulton County, Ga. 25c. 

*660D. Highway Cost Keeping. 10c. 

*670D. The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 5c. 

*691D. Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

*724D. Drainage Methods and Foundations for County 
Roads. 20c. 

*1077D. Portland Cement Concrete Roads. 15c. 

1216D. Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use 
in connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 


adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 


— 


* Department supply exhausted. 


DEPARTMENT BULLETINS—Continued 
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No. 1279D. Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 
1486D. Highway Bridge Location. 


DEPARTMENT CIRCULARS 


No. 94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 
TECHNICAL BULLETIN 
No. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 
No. 62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal Aid 
Highway Projects. 
93M. Direct Production Costs of Broken Stone. 
109M. Federal Legislation and Regulations Relating to 
the Improvement of Federal-aid Roads and 


National-Forest Roads and Trails. 


FARMERS’ BULLETIN 


No. *338F. Macadam Roads. 5c. 
SEPARATE REPRINTS FROM THE YEARBOOK 


914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 5 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 3. Relation Between Properties of Hard- 
ness and Toughness of Road-Build- 
ing Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 


crete Slab Subjected to Eccentric 
Concentrated Loads. 

















Ge) 264) s9qT1q fo ORpINE & yo w 


M4480? 2G) JO 8)8/8U09 RsOm [PLOHIPPS Gone 


pre peeepea © 








SIVLOL 


iv 66r 2L¢° 


"6iP O'eLt't 


0O°f£42 618 21 


at 


16k ver ee 


Sota" 


‘ 





Temey 
Surw0k 
uIsuozsIM 
BIUIZTA ISOM 


uo;suryse mM 
Brust A 
yUOULIZA 


qn 
sexay 
aassauuay 


Bjoyeg yInos 
Burolrey yNoS 
purls] apoyy 


vrueal{suuag 
u03319 
euroye[yO 


ergo 
BioMed YON 
Buljosey YON 


y10X MON 
OxeW MAN 
Aasiaf[ man 


aysdmepy may 
epearn 
eySBIqeN 


eurju0W 
LInoss! 
iddississtw 


e,OSeuTI WW 
uesysw 
syasnyoessep 


pueyArey 
oureyW 
vueisinoy 


Ayonjuay 
sesuey 
BMOl 


vueipuy 
srourli] 
orp! 


e131035) 
epuolz 
aseMelaq 


ynoy.euN07 
opes0jo9 
erus0peD 


sesueyiy 
vuozuy 
eweqeiy 


6s"e2i‘2er's 
ig"924"620"4 
e9*ssz*oei's 
e2*1z9°200"4 
ee*.es*.es‘t 
Le"99rOsr "st 
$6 °ST6"60r 

62° 19S ‘P06 

so"ose*991°s 
L282‘ vii*2 


Li*evi'vor's 
06°401"LL0'I 
f2°6ri "See 


s"o9i*ero's 
"e£0' wre '2 
*2ve"eug't 


ers arse 
",09"6¢2"1 
“evi 6ee"s 


*gv2*186°9 
“6Se"Sre"t 
629 S06 


“280 66¢ 
“086"re0"! 
“2g. ver’e 


“s9e'Pis's 
“eie*sie't 
"2Gu"LSr't 


96°L62‘Lv1 2 
2e*or2'eo1'2 
er'sis*oiv'2 


£2" 112" 999 
96°166"2Gr"4 
9¢°207'602"4 


9e°269‘ser"s 
26° 19¢"ee1'2 
86 "Orr 'SL0°2 


S6°812"6S6"I 
OL *eve*2ii'¢ 
£0°064"100"" 


42°290°SE6"1 
4S°4S¥‘990'2 
22 °068 '09¥ 


06"80L ‘LEB 

1S"w29*2v0't 
e9°190'01'¢ 
tt*s901S0'¢ 
O12oi*ziz’¢ 
6L‘v2e'61S‘2 


6°62 


00°e80'Le 
ei’ v.g9 "O12 
00°000 ‘re 
£2°6r2 ‘02 


vi"Lel't6 
2¢ v2 *2e9°2 
98°L99 Sve 


20° 206 ‘vet 
00°000"t 
00°S908 ‘Er 
88 °€26°L9S 
6£ "ver ‘LS 
v8°989 "L092 
OO*Srz*L98"t 
i¢°961* 108 
95°SL0°1S2 


00° S02 * cet 
e9°1S6"9Lt 
00°S26 “et 


6" iwe* sgt 
Sari "rst 


8 "vsr ole 
6888 ‘StS 
8L° 00" SPI 


00°000°S% 
98° 9SP 'v2e 
00° 008 "061 


9s" 10986 
00°000'S2 


iv ei2'see 
06°91S "061 
2¢°896'9S2 


fez. *2er 
00°L92 ‘er9 
S6°S18' iP 


22°200' 21 


£2. eft *6L2 
ve "6ss ‘08s 
2¢°£26 ' £06 


£8 “et2 ‘Le 
iv" 120th 
00°S90's9P 


2 
ig 


it 
42 


6f 
22 
86 


60 
80 
9t 


02 
os 
88 


00 
64 
ef 


“LEL oe 
"sie bler 


‘01928 
*L19°tr9 


“et2*e2k 
“el2'S61'9 
"LPO irs 


"see ore 
“9v0'¢ 
"2i2" tee 
*200°80L"t 
“err "sOl 
“6g2"6rS 
080'L66'¢ 
"916° 28 
*4£6'60S 
“46068 "s 
*446°6L2 
"62r "801 


029" 18h 
*ge2 ‘ore 


*€00'S1L 


9°119°S9P"t 


6f 
or 


se 
92 
£6 


LL 
4d 
a) 


66 


v6 
OL 
£6 


6s 
9s 
£0 


*600' 062 


"1v6"SO 
"O2E 62 
eve ee. 


"120264 
"$90" P01 


"920682 
“L6S"9¥S 
“ose "29s 
*$82°L66 
“wos*ers't 
"96802 


“etr 62 


£t2‘.99 
"20412 
*wie2s"t 


"Liv 'eL 


*y9t ‘oot 


‘ort ore 


e°k 


Sf rol fre ‘te 
02° 1054S 
Sy" 996 ‘re 
96°S26"S6L*4 
atviss*igs 
S2°sie*eie's 
c6 29ers 
Gi*L22 ‘882 


$0°rS0'see 
$6°001"S29"r 
is‘egi "ro. '2 


6r"6S8 ‘242° 
Li°2cr*ser"t 
9S"rsO*rst 


fv e2r' vos ‘fs 
2f ‘22e*22¢ 
ie S96"61S "st 


Si eee *2Ge'¢ 
20° 166"602"t 
fv Sze*rio's 
68°S8s*Ore’ 
96°40. Or8* 
Sf °221°L06 


9 
2 


teers aot 
eo*wLe*Sti’s 
ee’ 0s ore’ 


vo" 168" 186 "st 
i2°988 See ‘2 
12°869"fir'2 


i2°e1S ‘Ste 
96 "Ove 'e2i'P 
vl *221°168 


v°OL 
6°2s 10 °969 "62 
2°e6t OL* wre *2ee*2 


9°612 86°9fL*vi2‘2 
v"69¢ S.°S86*t2S‘2 
vor €2°801"S900'4 
gv 2i¢"9e2 "2 
Le’eio'si2'6 
23°0v0"960't 


2°sit 
"sts 
$*82t 


L'6v2 z"9ss'2is‘2 
2°Ou gi’ Les*2te"s 
a°st of *.0S‘ss2 


te 
8°9St 
ieee 


v°201 to"6iz*9S9"4 
6°OL 29° 166*2t2"4 
1 6r2 ef ".22"619't 


22 ‘982 6wvs ‘ore 


66° 1£6 "SLi 
fO°wsi' wes 
gs"Sse"i2i'e 
S6°9L6*221"s 


90°Se9'sée'e 
ti"es2*2eo"¢ 
8S °S9P SSE 

61 "Sr2*.er's 
80°012‘0F6 ‘OL 
t2"ves*eoL'y 


06 °629'Ore*2 
Sv°8L0‘r08 9 
et" e68*O1s 
fv" vro*Ori es 
LS°S96‘6rS 
te °Sz2‘ore’s 


6r°0o1 "668 ‘OL 
69°622*vEL*2 
22°820"666"t 


00°00 ‘£92 ‘82 
9S ‘wer ’sse'¢ 
22° v6r'S22's 


to°ese “62 
62°06¢" 182"4 
.S*e.ese.*s 


06" 16S" 6r2"¢ 
so°o8e*.99"4 
tL*ver'ise’s 


ws"622"¢80"t 
e¢or6‘osi't 
GS 261.282 


2v°202* 20.‘ 
S$8°6L9'S¥2'2 
Or 926" 189 


te 680' rte *y 
£S"8r0" 292'9 
gt 12e"ses*2 


g.*fes'2ce's 
06" vit es2‘o2 
f6"ver'ores 


£2 °226'Ser's 
iv'ese'fe.'2 
28862 ‘res 


22° 162" 68's 
868 "Ore* on'e 
$L"061'6r1'6 
vivre 2nL'¢ 
Lv’rss*Osr't 
v6'SLS'Sr2'¢ 


al SIVLOL 


L°628 
pric’ 
6°822 
1° 868 
2°920°9 
4°490't 


g*ee2'¢ 
e°siz’t 
9°6S1 

9°S66't 
s"2eu's 
s*e0.*t 


8°680'> 
fives 
L°L95 


SAU 
Surws0k 
UISUOoSI MA 

BIUISA 3894 


uopZuryse My 
BrUrasTA 
yUOMLIAA 


qn 
sexay 
dessouuey 


Boye WNosg 
Buyos8) WINS 
puss] spoyy 
~ vrowajAsuueg 
003310 
vuroyey4O 


or40 
BOVE qUON 
vuyose) YON 


ys0X MON 
OOKe WwW MON 
Kasiof man 


orysdureyy Many 
epraen 
~wysesqon 


vurju0W 
Lnoss! 
iddisstssiyq 


BOSeTUIW 
uesiqoA 
SyesnyoVsseyy 


puesrey 
eure 
BUBISINOT 
Ayonjuey 
sesuvy 
Bmoy 


areaRleg 
ynon.eGU0D | 
opes0joD 
Bao FTC 
=" sesueyly 
wuozy 


vureqriy 





aLVLS 





SLoafoud 
MGN 4Od FTEV 
~TIVAY SANNA 
aiv-1vaaag4 

40 FONVIVa 





23s Tenray 


a9Va1IN 


NOILONALSNOD AOd GAAOUddV 


payore 
pre [eapag 


3809 [8}0} 
payeunsy 





ans 
JOVaATIN 


yeni; panorye 
pre [esopeg 


NOILONALSNOD AFaNN 


3809 830} 
payeumnsy 





aOVATIN 
dalaldWoo 











NOILONALSNOD Avoud 
savoad dITdAd 10 NVAANE 
AANLINONAOV 40 LNAWLAVdad SALVLS GALINA 


8Z6T TE MAAN AIA 


40 SV 


adIv Tvaadad fO SALVIS INGTAAND 











